Introduction
The composition and geochemical diversity of Earth's deep mantle and ascending mantle plumes have been studied for ∼60 years and are still intensely debated (e.g., Ringwood, 1962; Schilling, 1973; Hofmann and White, 1982; Sun, 1982; Zindler and Hart, 1986; Hart, 1988; Salters and Zindler, 1995; Phipps Morgan and Morgan, 1999; Salters and Stracke, 2004; Sobolev et al., 2005; Workman and Hart, 2005; Boyet and Carlson, 2006; Caro and Bourdon, 2010; Jackson and Jellinek, 2013; Coogan et al., 2014; Hoernle et al., 2015; Trela et al., 2015) . To identify the geochemical makeup of the planet's lower silicate mantle is vital to better understand how Earth's mantle reservoirs and those of extra-terrestrial bodies, initially formed, and evolved, over the last ∼4.6 billion years.
Equally, determining the composition of mantle plumes, which generate voluminous eruptions on the planet's surface, is essential for Earth scientists to fully understand the evolution of Earth's hydrosphere and atmosphere and possible mechanisms for mass extinction events (e.g., Coffin and Eldholm, 1994; Wignall, 2001; White and Saunders, 2005; Campbell, 2007; Reichow et al., 2009; Kerr, 1998 Kerr, , 2014 .
The common practice of normalising mantle-derived basic igneous rocks to chondritic primitive mantle (Bulk Silicate Earth) is useful for highlighting characteristic elemental depletions and enrichments that can not only resolve petrogenetic processes but can also help elucidate the mechanisms responsible for generating geochemically distinct mantle source reservoirs. Nevertheless, the existence of a chondritic primitive mantle reservoir(s) within the modern Earth is controversial with many studies suggesting that it does not, and may never have, existed (e.g., Hofmann and White, 1982; Hart, 1988; Boyet and Carlson, 2006; Caro and Bourdon, 2010; Jackson et al., 2010; Jackson and Jellinek, 2013) . Salters and Stracke (2004) and Workman and Hart (2005) provide several compositions for the depleted mid-ocean ridge basalt (MORB) source reservoir in the upper mantle that have been used by others to geochemically model the formation of upper mantle-derived maghttp://dx.doi.org/10.1016/j.epsl.2016.03.023 0012-821X/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). mas. Similarly, determining a more accurate composition of deep mantle plume source regions would make studies into the petrogenesis of mantle plume-derived rocks and intraplate volcanism more robust (e.g., Fitton and Godard, 2004; Hastie and Kerr, 2010; Loewen et al., 2013; Jackson et al., 2015) . This paper presents new major and trace element and Sr-Nd-Hf-Pb radiogenic isotope data for primitive oceanic plateau lavas from the island of Curaçao, Dutch Antilles, southern Caribbean. The new Curaçao data will be compared with the composition of samples from the Ontong Java Plateau (OJP) in the western Pacific (Fitton and Godard, 2004) to determine the composition of Caribbean oceanic plateau (COP) and OJP primary mantle plume magmas. The aim of this study is to use the COP and OJP primary magmas to calculate the composition of the COP and OJP mantle plume source regions. These primary magma and mantle plume reservoir compositions can subsequently be used: (1) to assess the composition of the deep Earth and how the lower mantle may have evolved through geological time, (2) in geochemical models to investigate the petrogenesis of modern-day deep mantle-derived rocks and (3) as a new series of normalising factors for mantle plume and intraplate lavas. The importance of presenting new mantle plume primary magma and reservoir compositions is highlighted in current geochemical databases (e.g., GEOROC: http://georoc.mpch-mainz.gwdg.de/georoc and EARTH-REF: http://earthref.org/GERMRD) that contain standard compositions for many of Earth's mantle and crustal reservoirs [e.g., depleted MORB source mantle (DMM), HIMU, Enriched Mantle (EM), N-MORB, E-MORB], but not for mantle plume heads that generate large igneous provinces, and their deep mantle source regions.
Regional geology and sample collection
Curaçao is an island in the Netherlands Antilles and is located in the southern Caribbean Sea 70 km north of the coast of Venezuela (Fig. 1a ). The geology of the island was first studied in detail by Beets (1972 Beets ( , 1977 who separated the strata into a ≥5 km thick, widespread late Cretaceous volcanic unit (the Curaçao Lava Formation: CLF), which is overlain by sedimentary rocks of the late Cretaceous and early Palaeogene (Danian) Knip Group and Middle Curaçao Formation respectively (Beets, 1972 (Beets, , 1977 Klaver, 1987; Kerr et al., 1996) (Fig. 1b ). The base of the CLF is not exposed, but the lower sections are made up of pillow basalts and picrite lava flows (Klaver, 1987; Kerr et al., 1996) . The middle of the CLF comprises pillow basalts and dolerite sills that give way to basaltic flows, sills and hyaloclastites in the upper sections (Klaver, 1987; Kerr et al., 1996) . The late Cretaceous age and the detailed stratigraphy of the CLF are complex in detail and readers are referred to Loewen et al. (2013) for further information. Kerr et al. (1996) , Hauff et al. (2000a) and Loewen et al. (2013) provide major and trace element and radiogenic isotope data to demonstrate that the CLF is derived from a mantle plume source region.
Twenty six picrites and basalts were collected from across the CLF as a terrestrial sampling project linked to the 2010 research cruise Meteor 81/2AB (IFM-GEOMAR, Germany) ( Fig. 1b and Appendix A). Major element concentrations of the CLF lavas were determined using a JY Horiba Ultima 2 inductively coupled plasma optical emission spectrometer (ICP-OES) and the trace elements are analysed by a Thermo X series inductively coupled plasma mass spectrometer (ICP-MS) at Cardiff University, United Kingdom. A full description of all the analytical procedures and equipment at Cardiff University can be found in McDonald and Viljoen (2006) . All sample data are presented in Tables A1 and A2 in Appendix A. Multiple analyses of international reference materials JB-1a and W2 were used to correct instrument drift and ensure the accuracy and precision of the analyses (see Table A3 , Appendix A for standard data). Sr-Nd-Hf-Pb radiogenic isotope analyses were carried out on six samples [ 40 Ar/ 39 Ar ages and major and trace element data reported in Loewen et al. (2013) and Table A1 , Appendix A] at GEOMAR Helmholtz Centre for Ocean Research Kiel by thermal ionisation mass spectrometry for Sr-Nd-Pb and by multicollector ICP-MS for Hf. All isotope data are presented in Table A4 and a full description of the analytical procedures and equipment used can be found in the table caption.
Assessing element mobility in the Curaçao samples
Previous studies on Caribbean Cretaceous igneous rocks have demonstrated that many of the large ion lithophile elements (LILE) are variably mobilised by low and high temperature alteration processes (e.g., Hauff et al., 2000a; Hastie et al., 2007 Hastie et al., , 2008 Hastie et al., , 2011 Neill et al., 2010; West et al., 2014) . It is therefore important to assess the influence of element mobility on the composition of the Curaçao lavas. One of the best ways of evaluating element mobility uses a method first employed by Cann (1970) , whereby a known immobile element is plotted on the abscissa of a variation diagram and other elements are plotted on the ordinate. If the rocks are co-genetic and both elements immobile and moderately-highly incompatible the data should form a linear trend with a high correlation coefficient (r Kerr et al. (1996) are also plotted. r = correlation coefficient for new data only.
(REE) form linear trends with high correlation coefficients which can be clearly seen in the La, Sm, Gd and Yb variation diagrams in Figs. 2e-h. These bivariate plots suggest that Ba and Rb (and other LILE) have been mobilised by low temperature alteration processes. Conversely, Th, U, the high field strength elements (HFSE) and the REE are immobile and confirm the previous proposal by Kerr et al. (1996) that the Curaçao lavas are co-genetic. Bas et al. (1992) , Pearce (1996, after Winchester and Floyd, 1977) and Hastie et al. (2007) respectively the lavas with moderate MgO concentrations plot as tholeiitic basalts ( Fig. 3a and b ). The subgroup with high MgO contents have very high Co abundances (>75 ppm) and plot as basalts and picrobasalts on the TAS and Zr/Ti-Nb/Y diagrams (Fig. 3a) Kerr and Arndt, 2001) while the moderate MgO subgroup are tholeiitic basalts ( Fig. 3a) .
Classification of newly collected lavas

Fractional crystallisation and olivine accumulation
Curaçao major element variation diagrams show liquid lines of descent typical of basic lavas. Representative bivariate plots show that as MgO decreases SiO 2 increases and, initially, CaO and Al 2 O 3 increase, but decrease at lower MgO contents ( Fig. 3c-f ). These trends have been explained by olivine fractional crystallisation and accumulation at MgO concentrations of >8-10 wt.% and olivine, clinopyroxene and plagioclase fractional crystallisation at lower MgO contents (Kerr et al., 1996; Trela et al., 2015) . Similarly, below ∼8-10 wt.% MgO plagioclase and clinopyroxene commonly crystallise together and cause the total Fe content (here reported as Fe 2 O 3 ) of magmas to increase, which is evident by the negative trend at MgO <10 wt.% in Fig. 3f .
Problems can occur when calculating primary magma compositions for many primitive lavas because it is difficult to accurately correct for substantial fractional crystallisation of clinopyroxene and plagioclase (e.g., Korenaga and Kelemen, 2000; Herzberg and O'Hara, 2002) . Therefore, it is advantageous to determine primary magma compositions from primitive lavas that have only crystallised or accumulated olivine on their ascent to the surface. PRIMELT3 software from Herzberg and Asimow (2015) is specifically designed to determine the composition of primary magmas from primitive lavas by successive additions or subtractions of equilibrium olivine. We use PRIMELT3 software here on COP and OJP primitive lavas that have only fractionated olivine. Previous results of using PRIMELT3 are similar to modelling in other recent studies (e.g., Coogan et al., 2014) .
Oceanic plateau lavas, and basalts from other tectonic environments, commonly fractionally crystallise olivine + plagioclase + clinopyroxene and it is rare to find primitive lavas that have solely fractionated olivine on ascent (e.g., Kerr et al., 1996; Korenaga and Kelemen, 2000; Fitton and Godard, 2004; Hastie and Kerr, 2010; Loewen et al., 2013) . Of the 26 lavas from Curaçao only 4 show compositional evidence (variation diagrams in Fig. 3 and PRIMELT3 computations) for exclusive olivine fractional crystallisation or accumulation. Despite alteration it is still possible to identify the phenocryst phases in thin section, even olivine. Most samples lack phenocryst phases and have an olivine, pyroxene and plagioclase groundmass that has been altered to several secondary minerals (e.g., clay minerals, chlorite and serpentine). Only 25 of the 76 OJP samples in Fitton and Godard (2004) show geochemical evidence for predominant olivine removal during ascent. This is confirmed by petrographic analysis whereby the 25 OJP samples contain only olivine phenocrysts in an aphanitic groundmass of olivine, clinopyroxene, plagioclase, Cr-spinel, titanomagnetite and sulphides. Plagioclase phenocrysts are occasionally seen, but only comprise 1 modal percent and therefore do not represent significant plagioclase fractionation. Fig. 4a is a primitive mantle normalised multielement diagram showing the composition of the primitive COP and OJP lavas that have only fractionated olivine.
Determining the composition of the Caribbean and Ontong Java primary magmas and their respective mantle plume source regions: methodologies and results
Major element composition of COP and OJP primary magmas
Using primitive lavas from the COP and OJP, the major element composition of primary magmas from both the Caribbean and Ontong Java large igneous provinces can be calculated using PRIMELT3 software. Full details on the successive develop- ment of PRIMELT3 can be found in Herzberg and O'Hara (2002) , Herzberg and Asimow (2008) and Herzberg and Asimow (2015) . PRIMELT3 uses inverse and forward models to determine the major element composition of primary anhydrous melts. The inverse model involves calculating the array of possible primary magma compositions from a chosen primitive lava by the successive addition or subtraction of equilibrium olivine in 1 weight per cent increments. The forward model involves a peridotite source with a known composition and mineralogy being selected and experimental data and mass balance solutions are used to determine the compositions and melt fractions of derivative magmas at a range of conditions (temperatures, pressures, batch melting, fractional melting, etc.). The "primary magma array" in the inverse model is compared to the results of the forward model in projection (e.g., olivine-anorthite-quartz) and bivariate (e.g., FeO-MgO) diagrams. The composition of the sought after primary melt is determined by identifying the composition of the potential primary melt that has the same melt fraction in both bivariate and projection plots. In order to determine the major element composition of the primary magma of a primitive lava the software user is required to input (1) the major element composition of the primitive lava, (2) the estimated Fe 2+ / Fe ratio and (3) the major element composition of the source peridotite from which the primary magma is to be derived.
Major element input parameters into the software include SiO 2 , TiO 2 , Al 2 O 3 , Cr 2 O 3 , FeO(t), MnO, MgO, CaO, Na 2 O, K 2 O, NiO and P 2 O 5 in weight percent. With regards to the new Curaçao analyses in this paper, most samples are slightly hydrous due to sec-ondary alteration and Fe is determined as Fe 2 O 3 (t). Therefore, in order for the Curaçao (and OJP) lavas to be studied using PRIMELT3 the major elements have been normalised to anhydrous values, Ni and Cr trace element contents have been converted to wt.% oxide and added to the major elements and Fe 2 O 3 (t) is converted to FeO(t).
Modern analyses of both FeO and Fe 2 O 3 in fresh lavas by titration is relatively rare for large igneous provinces, but data in Skovgaard et al. (2001) and models in Herzberg et al. (2007) show and assume respectively that oceanic plateau magmas have Fe 2+ / Fe of ∼0.9. We therefore use a value of 0.9 in all new COP and OJP computations in this study. The only exception to this is sample 10HK27 (Table A1 , Appendix A) which produces a successful PRIMELT3 solution that requires olivine accumulation. Because this lava partly comprises cumulate olivine, which would have added Fe 2+ , we have allowed PRIMELT3 to calculate the Fe 2+ / Fe content of 10HK27 relative to a Fe 2 O 3 /TiO 2 ratio of 0.5 (see Herzberg and Asimow, 2008 for more information on this methodology).
Previously published major and trace element and radiogenic isotope concentrations for the COP and OJP lavas (e.g., Kerr et al., 1996; Hauff et al., 1997 Hauff et al., , 2000a Hauff et al., , 2000b Fitton and Godard, 2004; Hoernle et al., 2004; Hastie et al., 2008; Hastie and Kerr, 2010; Herzberg et al., 2007; Tejada et al., 2002 Tejada et al., , 2004 suggest that the mantle plume source regions of the COP and OJP are relatively fertile peridotites. Following Herzberg (2004) and Hastie and Kerr (2010) , we take the major element composition of the fertile (pyrolitic) peridotite KR-4003 (Walter, 1998) to be representative of the COP and OJP mantle plume source regions. The major ele- Sun (1995) . OJP samples 1183-5 and 1186-3 not included. ment composition of KR-4003 is used as a presumed mantle plume source analogue with which to calculate primary magma major and trace element compositions and, subsequently, the trace el-ement abundances of mantle plume sources. The major element composition of KR-4003 is very similar to the estimate for silicate Earth as proposed by McDonough and Sun (1995) . Furthermore, both Allègre et al. (1995) and McDonough (2001) suggest that the whole mantle has a relatively homogeneous major element com-position.
COP and OJP primary melt compositions generated by both batch and accumulated fractional melting are shown in Table 1 and Table A4 , Appendix A. PRIMELT3 computations suggest that all of the primary melts are derived from final melting pressures as low as ∼0.5-1 GPa. These shallow depths are consistent with rela-tively high Al 2 O 3 contents at a given melt fraction in the computed primary magma compositions (e.g., Hirose and Kushiro, 1993; Walter, 1998) . PRIMELT3 also determines (1) the weight per-cent olivine addition/subtraction required to generate the primary magma composition, (2) the olivine liquidus temperature, (3) the mantle potential temperature, (4) the olivine composition that co- Table 1 Starting original primitive lava compositions and successful PRIMELT3 primary magma compositions for the Curaçao samples relative to batch and accumulated fractional melting (BM and FM respectively). Ol, wt.%, addition or subtraction of olivine required to generate the primary magma composition; Tol, olivine liquidus temperature; Tp, mantle potential temperature; Fo, olivine composition coexisting with the primary magma; F, fraction of partial melting required to generate the primary magma. exists with the primary magma and (5) the fraction of partial melting needed to generate the primary melt (Table 1 and Table A4 in Appendix A). The 29 samples from the COP and OJP generate primary magmas with high CaO contents at a given MgO abundance and have internally consistent major element systematics to rule out a pyroxenite source region (see Herzberg and Asimow, 2008 for more information). Finally, the successful COP and OJP primary melts computed with PRIMELT3 have high SiO 2 abundances relative to a given CaO content which rule out the involvement of a volatile-rich peridotite source region (again, see Herzberg and Asimow, 2008 for further information on this filter).
Calculating the trace element composition of the COP and OJP primary magmas
PRIMELT3 only calculates the major element composition of the primary COP and OJP magmas (Table 1 and Table A4 , Appendix A). In order to determine the trace element concentrations of the COP and OJP primary magmas we have to correct for olivine fractional crystallisation or accumulation in the primitive lavas. If we take the results assuming that the primitive lavas are derived from batch melting we can use the (Rayleigh) fractional crystallisation equation to add the relevant percentage of olivine back into the primitive lava to obtain the primary magma compositions. All but one of the COP and OJP primitive lavas has lost olivine via fractional crystallisation and the equation used to correct for this is:
where C 0 is the initial concentration of an element prior to olivine fractionation (the primary magma composition), C l is the concentration of the element in the primitive lava in question, F is the proportion of melt remaining and D ol is the partition coefficient of fractionating olivine (see Appendix A for information on the choice of D ol values). F values are derived from the PRIMELT3 computations. Sample 10HK27 is different as it has accumulated olivine and, as such, a set mass fraction of olivine has to be removed from the primitive lava to give the primary magma composition. We calculate the removal using the mass balance equation:
where definitions are as before except X is the mass fraction of olivine that has accumulated in 10HK27 (Table 2) and C ol is the concentration in the olivine being removed that we estimate by using the equation:
Correcting NiO for olivine fractionation or accumulation is difficult because the Ni D ol value is extremely sensitive to melt composition, temperature and pressure variations (e.g., Trela et al., 2015) . Additionally, Herzberg and Asimow (2015) show that NiO contents derived from PRIMELT3 can be too high if primitive lavas are derived from mixing of primary magmas with olivine-fractionated derivative melts. Therefore, although the NiO contents in Table 1 and Table A4 are the values originally computed by PRIMELT3, we determine the Ni concentrations in the primary magmas and mantle plume source regions by treating Ni as a trace element. Accordingly we calculate the Ni content of the primary magmas using the equation:
It is an important step to use equation (4) (see Herzberg and Asimow, 2015 for derivation) because it was found in the course of this study that the PRIMELT3 NiO values are too high in the primary magmas and if not corrected can translate into extremely high NiO values in the mantle plume source regions relative to elements with similar incompatibilities. The results of all of these calculations are shown in a representative primitive mantle normalised diagram in Fig. 4b and the data can be found in Table 2 and Table A5 in Appendix A to illustrate the full trace element contents of the COP and OJP mantle plume-derived primary magmas. 
Calculating the trace element composition of the COP and OJP mantle plume source regions
The calculated COP and OJP primary magma trace element concentrations have been used to determine the composition of the mantle plume sources. PRIMELT3 computes melt fractions (F ) for batch and accumulated fractional melting of a fertile peridotite., Here we use the batch melting equation from Shaw (1970) to calculate the composition of the mantle plume sources. The actual melting process in a mantle plume will be somewhere between fractional and batch melting, but is unlikely to be close to perfect fractional melting at the melt fractions estimated here. In any case, large-degree fractional melting effectively strips the residual mantle of all incompatible elements, and so their concentration in the un-melted mantle source can easily be calculated by mass balance and will be equal to C l F . Given that the large degrees of melting estimated here will result in a harzburgite residue and that all incompatible elements will have D ol ≈ D opx ≈ 0, the original mantle source composition calculated by assuming either fractional or batch melting will be virtually identical. If we know the value of F and the modal proportion of phases in the residue after melting, it is straightforward to calculate the un-melted source composition by mass balance.
where C 0 , C l and C r are the concentrations of an element in, respectively, the un-melted mantle source, the liquid produced by partial melting, and the residual mantle. D is the bulk distribution coefficient for the residual phases. By combining (5) and (6) we obtain:
which is Shaw's (1970) modal batch melting equation. The mass balance parameterisation of Herzberg and O'Hara (2002) , partial melt experiments on KR-4003 by Walter (1998) and several other experimentally derived mineral and melt modes for various peridotite starting compositions (e.g., Gudfinnsson and Presnall, 1996; Kinzler, 1997; Johnson, 1998) show that for ∼27-31% melting at 1.5-4.0 GPa there will be ∼75 wt.% olivine and ∼25 wt.% orthopyroxene in the residual mantle. Therefore, D values have been calculated using modal fractions of 0.75 olivine and 0.25 orthopyroxene (see Appendix A for the choice of D values).
There is no need to use the non-modal melting equations and successively remove phases as melting progresses because, at >25% melting, garnet or spinel and clinopyroxene would have been exhausted and the liquid would be in equilibrium with only olivine and orthopyroxene and sit on a cotectic between these phases. Consequently, we do not need to know the proportion of phases in the un-melted mantle source, the modal melting proportions, or the D values for garnet, spinel and clinopyroxene. Our calculations require only that we know the melt fraction and the proportion of phases in the residual mantle. Appendix B is a simple excel spreadsheet that gives a worked example and shows that Shaw's (1970) modal and non-modal melting equations give identical results when D is calculated from the residual assemblage. The computed trace element composition of COP and OJP source regions are shown in Fig. 4c and Table 3 and Table A6 in Appendix A.
Discussion
Compositionally different mantle plumes and comparison to other mantle and crustal reservoirs
The calculations indicate that the COP and OJP primary magmas have identical M-HREE, Zr, Hf and Y abundances (Fig. 4b , Table 2 and Table A5 ). Conversely, the most incompatible elements (Th, U, Nb, Ta and the LREE) are more enriched in the COP primary magmas than in the OJP melts. The incompatible trace elementenriched nature of the COP samples is replicated when the compositions of the source regions are calculated (Figs. 4c and 5a and Table 3 and Table A6 in Appendix A). When normalised to primitive mantle both the COP and OJP source regions again have similar M-HREE, Zr, Hf and Y concentrations. Nevertheless, Figs. 4c and 5 demonstrate that the COP mantle plume source region is more enriched in Th, U, Nb, Ta and the LREE than the OJP mantle plume.
Representative εNd 120 Ma -εHf 120 Ma and ( 206 Pb/ 204 Pb) 120 Ma -( 207 Pb/ 204 Pb) 120 Ma diagrams are shown in Fig. 5c and d . The Curaçao lavas range from 92-62 Ma (Loewen et al., 2013 ), but we have corrected the initial Curaçao radiogenic isotopes from this study and the literature to 120 Ma using the average calculated source parent/daughter ratios (Table A4 ) so that they can be compared with the OJP isotopic composition. Although there is considerable overlap between the COP and OJP in εHf 120 Ma and εNd 120 Ma , the COP extends to more depleted compositions ( Fig. 5c ). In contrast, there is no overlap in Pb isotopic composition on the uranogenic Pb isotope diagram at 120 Ma and the COP has more enriched Pb isotope ratios (Fig. 5d ). More depleted Nd and Hf yet more enriched Pb isotopic compositions for the COP indicate that the COP source cannot simply be related to the OJP source by greater time-integrated incompatible element enrichment of the COP source. In summary, the incompatible element and isotope data show that the two oceanic plateaus are derived from distinct source material, despite similarity in the major element composition of their sources. Fig. 5 and Table 4 compare the COP and OJP source regions with representative crustal and mantle reservoirs commonly used in Geldmacher et al. (2003) and Tejada et al. (2004) . DMM and NBSE data from references cited in Table 4 . (b) ( 206 Pb/ 204 Pb) 120 Ma -( 207 Pb/ 204 Pb) 120 Ma plot showing that, compared to the OJP, samples from the COP are, again, more radiogenic. MORB field and Northern Hemisphere Reference Line from Hauff et al. (2000a Hauff et al. ( , 2000b and Tejada et al. (2004) . COP data are from this study, Kerr et al. (1996) , Hauff et al. (2000a Hauff et al. ( , 2000b , Geldmacher et al. (2003) , Thompson et al. (2003) and Hastie et al. (2008) . OJP data are from Tejada et al. (2004) . COP and OJP data are age corrected to 120 Ma so that they can be compared to one another, but it should be noted that the COP is considered to be ≤90 Ma. geochemical modelling. Relative to the several DMM source compositions from Salters and Stracke (2004) and Workman and Hart (2005) , the new mantle plume source compositions calculated in this paper are generally more enriched in all the more incompatible elements, which becomes pronounced with elements more incompatible than the MREE. Relative to chondritic primitive mantle values (Hofmann, 1988 and McDonough and Sun, 1995) , the mantle plume source compositions are slightly depleted in nearly all the trace elements with the OJP source being more depleted compared with the COP source. A notable exception to this is that the COP source has slightly enriched Nb and Ta concentrations relative to chondritic primitive mantle. This feature also highlights the fact that, similar to the E-DMM, E-MORB and OIB reservoirs, both the COP and OJP mantle plume source regions have positive Nb and Ta anomalies ( Fig. 5a and Table 4 ).
The exact process by which Nb and Ta become enriched in mantle sources relative to other trace elements with similar compatibilities is debated. However, previous hypotheses have explained the relative enrichment as a result of minor amounts of rutile-bearing recycled oceanic crust (eclogite) in the mantle source region or variable trace element partitioning between phases in the deep mantle (e.g., Hofmann and White, 1982; Fitton et al., 1997; Fitton, 2007; Jackson et al., 2008; Trela et al., 2015) . Relative to the OJP source, a larger amount of a rutile-bearing recycled oceanic crust component in the source of COP would not only explain the higher Th, U, Nb, Ta and LREE abundances in Table 4 Trace element comparison of representative crustal and mantle reservoirs commonly used in geochemical models. Res., crustal or mantle reservoir; Ref., reference; SM(1989), Sun and McDonough (1989) ; H(1988), Hofmann (1988) ; WH(2005), Workman and Hart (2005) ; SS(2004), Salters and Stracke (2004) ; MS(1995) , McDonough and Sun (1995) ; JJ(2013), Jackson and Jellinek (2013) ; NBSE, non-chondritic BSE; Av, average; UL, upper limit; LL, lower limit. Trace elements in ppm. OJP average does not include samples 1183-5 and 1186-3.
Res.
Ref. the COP data, but it also explains the more radiogenic Nd and Pb isotope systematics in Fig. 5c and d (e.g., Hauff et al., 2000a; Hastie et al., 2008; Trela et al., 2015) .
Do the compositions of the mantle plume source regions tell us anything about the Earth's deep mantle?
Numerous studies (e.g., Kerr et al., 1995 Kerr et al., , 1996 Hauff et al., 2000a; Kempton et al., 2000; Hoernle et al., 2002 Hoernle et al., , 2004 Geldmacher et al., 2003; Fitton and Godard, 2004; Herzberg, 2004; Tejada et al., 2002 Tejada et al., , 2004 Fitton, 2007; Hastie et al., 2008; Herzberg and Asimow, 2008; Hastie and Kerr, 2010) and the results of our calculations have highlighted the heterogeneous compositions in oceanic plateau-derived tholeiitic lavas generated from very high degrees of partial melting (up to ∼30%) that have not been contaminated with continental crust. The high degrees of fusion required to generate oceanic plateau tholeiitic primary magmas mean that differing degrees of partial melting cannot explain the heterogeneous trace element and radiogenic isotope compositions in individual oceanic plateaus or the variation between different oceanic plateaus (e.g., COP, OJP or Iceland: Hauff et al., 2000a; Kempton et al., 2000; Tejada et al., 2004; Kokfelt et al., 2006; Fitton, 2007; Hastie et al., 2008; Kerr, 2014) . Consequently, the chemical and isotopic heterogeneity of the COP, OJP and Iceland is related to their compositionally heterogeneous source regions, most likely reflecting differing amounts of recycled components added to a depleted lower mantle matrix(ices).
In order to assess if the compositions of the different COP and OJP mantle plume source regions in this study tell us anything about the Earth's deep mantle we first need to know:
(1) if the COP and OJP mantle plume source regions represent the very deep mantle (e.g., potentially down to the core-mantle boundary: Campbell, 2007; French and Romanowicz, 2015) or shallow/lithospheric mantle sources? (e.g., Workman et al., 2004; Pilet et al., 2011) and (2) if the mantle plume sources are derived from the deep mantle, are they contaminated with large volumes of the upper mantle or lithospheric mantle?
The COP and OJP have estimated volumes of 35 × 10 6 km 3 and 60 × 10 6 km 3 respectively (Schubert and Sandwell, 1989; Coffin and Eldholm, 1994) and have been derived from mantle source regions by large degrees of partial melting (Fitton and Godard, 2004; Hastie and Kerr, 2010) . Derivation of the COP and OJP by ∼30% partial melting requires a source volume of the mantle more than 3 times the volume of the plateaus, which is much larger than any lithospheric source (Coffin and Eldholm, 1994) . The volume of the upper mantle DMM reservoir is controversial, but may be theoretically large enough to supply the large volumes of magma required to generate an oceanic plateau (Workman and Hart, 2005; Boyet and Carlson, 2006; Caro and Bourdon, 2010) . However, 30% partial melting calculations using DMM, D-DMM or E-DMM as source regions do not generate melts with compositions similar to primary magmas from the COP and OJP. Radiogenic isotope systematics also show that oceanic plateau lavas are distinct relative to MORB lavas ( Fig. 5c and d ) (e.g., Kerr et al., 1995; Hauff et al., 2000a; Kempton et al., 2000; Geldmacher et al., 2003; Hoernle et al., 2004; Tejada et al., 2004; Hastie et al., 2008; Jackson et al., 2015) . Therefore, it is reasonable to assume that the source regions for the COP and OJP magmas are best represented by more enriched deeper mantle below the DMM reservoir.
Several geochemical and computational modelling studies suggest that ascending mantle plumes are not contaminated with upper mantle and even if they did entrain upper mantle it would not be heated enough by thermal conduction to allow it to undergo partial melting (e.g., Hart et al., 1992; Hauri et al., 1994; Kerr et al., 1995; Kempton et al., 2000; Farnetani et al., 2002; Tejada et al., 2002; Farnetani and Samuel, 2005; Fitton, 2007; Lohmann et al., 2009) . Therefore, the geochemical signatures derived from our calculations of mantle plume source regions are unlikely to represent the source region for MORB (DMM) or a mixture between lower and upper mantle. Instead, we propose that the calculated source regions in this study represent portions of the deep mantle. We note that this may not hold true for other oceanic plateaus such as Iceland or modern hotspots such as Galápagos that show evidence of ridge interactions (e.g., Trela et al., 2015) .
Similarity to a non-chondritic Earth?
Mantle plume-derived rocks that have the highest 3 He/ 4 He ratios and U/Pb ratios undisturbed for ∼4.5 billion years are found on Baffin Island and West Greenland (Graham et al., 1998; Stuart et al., 2003; Starkey et al., 2012) . It is suggested that high 3 He/ 4 He ratios in these lavas are derived from primitive un-degassed deep mantle source regions (e.g., Jackson et al., 2010) . The Baffin Island and West Greenland lavas also have super-chondritic Nd and Hf isotope ratios (including 142 Nd/ 144 Nd) which suggest that although the mantle source region may have been primitive it either has to (1) represent non-chondritic material that accreted to form the early Earth or (2) the mantle source had to have undergone a period of melt extraction just after planetary formation (leading to depletion of an initial chondritic source) (e.g., Boyet and Carlson, 2006; Caro and Bourdon, 2010; Jackson et al., 2010) . If it was the latter, the early depleted mantle reservoir has been interpreted as precursor of all other mantle reservoirs and is termed the non-chondritic bulk silicate Earth (BSE) composition (Jackson and Jellinek, 2013) . Jackson and Jellinek (2013) used isotopically constrained parent-daughter ratios and canonical trace element ratios to determine the trace element composition of the present-day non-chondritic BSE reservoir that should represent a lower mantle reservoir. Interestingly, the composition of the COP and OJP deep mantle source regions (also with superchondritic Nd and Hf radiogenic isotope ratios, Hauff et al., 2000a; Geldmacher et al., 2003; Tejada et al., 2004; Hastie et al., 2008; Jackson and Carlson, 2011) are very similar to the non-chondritic Earth compositions in Jackson and Jellinek (2013) (Fig. 5b and c) . Consequently, the Caribbean and Ontong Java LIPs could potentially be derived from the most primitive mantle reservoir in the Earth's deep mantle.
Mantle heterogeneity and concluding remarks
The depleted MORB source reservoir supplies N-MORB magmas to form the oceanic crust and also contains enriched veins, blobs and/or streaks of recycled oceanic lithosphere that undergo small degrees of partial melting to form E-MORB and OIB magmas (e.g., Phipps Morgan and Morgan, 1999; Salters and Strake, 2004; Ito and Mahoney, 2005; Workman and Hart, 2005; Fitton, 2007) . In Fig. 6 we show that the upper mantle reservoir extends down to the 660 km discontinuity. However, because of numerous variables in mantle-crust mass balance models, the size of the DMM in Fig. 6 is purely illustrative.
Similar to others in the literature (e.g., Phipps Morgan and Morgan, 1999), we argue that the mantle below the depleted upper mantle reservoir also contains small variably enriched areas (veins, blobs and/or streaks of recycled oceanic lithosphere) that become incorporated into mantle plumes and, after the ascent of the plume to the base of the lithosphere, undergo low degrees of partial melting (<5%) to form trace element and isotopically variable OIB lavas (source of the HIMU, EM1, EM2 or FOZO endmembers, e.g., Hofmann and White, 1982; Zindler and Hart, 1986; Hart et al., 1992; Phipps Morgan and Morgan, 1999; Fitton, 2007; Herzberg and Gazel, 2009; Trela et al., 2015) . These lower mantle enriched veins, blobs and/or streaks pond at the core-mantle boundary (as the residue of subducted slabs, e.g., Hofmann and White, 1982) or are dispersed in a depleted lower mantle peridotite matrix (e.g., Phipps Morgan and Morgan, 1999; Fitton, 2007) . Trace element systematics suggest that the lower mantle matrix is relatively more enriched than the depleted peridotite matrix that makes up the bulk of the upper mantle reservoir (see Fitton, 2007 for a review). Fig. 6 shows the theoretical lower mantle extending from the base of the MORB source reservoir to the core-mantle boundary. Plume tails (e.g., Hawaii and Réunion) undergo low degrees of partial melting beneath the lithosphere, especially thicker, older lithosphere, to preferentially sample the more fusible ascending enriched veins, blobs and/or streaks. Conversely, large plume heads that are composed of the entrained lower mantle matrix and enriched veins, blobs and/or streaks undergo high degrees of partial melting to give rise, for example, to the Caribbean, Ontong Java and Iceland large igneous provinces (Fig. 6) . Most of the geochemical signature of the oceanic plateau primary melts is derived from the lower mantle matrix; however, high Th, U, LREE concentrations, positive Nb-Ta anomalies and radiogenic Nd and Pb radiogenic isotopes in the COP and OJP source regions are evidence of the small enriched areas (rutile-bearing recycled oceanic crust).
In conclusion, the Earth's mantle from the lithosphere to the core has a highly complex "marble cake" structure with numerous small variably enriched veins, blobs and streaks within much larger subtly enriched and depleted mantle matrices (e.g., Phipps Morgan and Morgan, 1999; Fitton, 2007) . The task of locating (or mapping) small geographically distinct geochemical endmember reservoirs in the mantle using trace element and isotopic systematics may be a forlorn hope, because the mantle could be far too heterogeneous on a micro to macro scale. However, the two new mantle plume magma compositions calculated in this paper are generated by such high melt fractions that any influence from small geochemically distinct enriched zones in the resultant mantle plume primary magmas are diluted. Therefore, as with studying shallow mantle-derived lavas using the D-DMM, E-DMM and DMM reservoirs, the subtly enriched and depleted COP and OJP lower mantle source compositions in this paper can be used as distinct compositional entities to study the petrogenesis of mantle-derived rocks at the Earth's surface that have been derived from the deepest mantle.
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